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ABSTRACT

We report a first -principles study, which demonstrates that a single Yb atom coated on a single-walled nanotube
(SWNT), B atom doped CNT and N atom doped CNT binds up to six hydrogen molecules. At high Yb coverage we
show that a SWNT can strongly adsorb up to 3.18 wt% hydrogen. Yb-4f electrons have no contribution on the adsorp-
tion of hydrogen molecules in Yb doped CNT. The charge analysis results show that 4f electrons remain in Yb. These
results promote our fundamental understanding of dissociative adsorption of hydrogen in RE atom doped carbon nano-

structures.
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1. Introduction

As one of the most abundant elements in the universe,
hydrogen is receiving increasing attention as an friendly
and clean energy for environment [1]. However, a wealth
of fundamental and technical challenges on hydrogen
transport and storage, such as high gravimetric and
volumetric density, safety and low cost must be
overcome before hydrogen fuel economy realized. The
Department of Energy (DOE) of the US targets for the
ideal hydrogen storage materials with the gravimetric
storage capacity of hydrogen should reach 9wt% by
2015[2]. Traditional methods to store hydrogen include
using compressed gaseousor liquid H,, which demands
high pressure and/or low temperature, or using solids that
adsorb H,. Simultaneously, this approach is too
expensive. In this cause, to achieve economic feasibility,
hydrogen storage materials with high volumetric and
gravimetric densities must be developed [3]. Suggestions
for hydrogen adsorption in doped carbon nanotubes
(CNTs) have been made because of the possibility of
reversibility, fast kinetics, and high capacity (large
surface area) [4-7]. However, it has been found that
hydrogen on pure CNT currently falls short of the DOE
targets. This is attributed to the weak interaction between
hydrogen molecules and the carbon materials by
physisorption [8,9]. More recent theoretical studies have
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been devoted tofinding and designing materials which
enhance the interactions to the desirable binding energy
0f 0.2-0.6eV [10-16]. K. Hirano et al’s study suggest that
15 rare earth elements reveal characteristics of the
capacity of hydrogen absorption. It is found that RE such
as Eu prefers to adsorb at the hollow site of the
hexagonal ring on the outer surface of the CNT. One of
the most important advantages of RE (such as Eu) doping
on CNT is that the electronic characteristics originating
from the unpaired 4f electrons could serve as electron
donors and thus increase E,q for H; on CNT[17]. When
H, molecules are attach on RE atoms, electron transfers
from H, to Eu, filling an acceptor-like state. To our best
knowledge, Ytterbium (Yb), a member of the rare earth
group metals with a filled f shell and a divalent electronic
character, had not been studied for hydrogen adsorption
when it attached to (8,0) SWCNT. As the electron
configuration of Yb is [Xe] 4f'6s’, there are a large
number of filled 4f orbital, and thus more H, molecules
could be adsorbed. In particular, we focus on the role of
transferred charges between Yb and SWCNT on the
affinity of H,. To achieve our goal, we conduct a
systematic search for high-capacity hydrogen storage
media consisting of indvidual Yb atoms decorated on
CNT, B-CNT, N-CNT. Our results show that the
hydrogen storage ability of SWCNT can be enhanced by
doping Yb atoms and Yb-4f eclectrons have no
contribution on the hydrogen adsorption but Yb-5d.
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2. Computation Details

Density functional theory (DFT) methods, implemented
in the DMol3 package [18,19], are used to study the
systems which have been widely utilized for carbon
nanotubles doped with lanthanide series metal
[17,20].Double Numerical plus polarization (DNP)
atomic orbits were taken as basis sets[21]. Due to the
crucial role that spin plays in this system, all our
calculations have been performed in a spin unrestricted
framework. All structural optimizations were obtained
with symmetry constraints by using a convergence
tolerance of energy of 1.0x10” hartree, a maximum force
is 0.002 hartree/A and a maximum displacement of 0.005
A. The orbital cut off was set to be global with a value of
5.0A, and smearing was 0.005Ha (1Ha=27.2114eV). In
the self-consistent-field calculations, the
electronic-density convergence was set to 1.0x10%e/A°.
In the present calculation, a hexagonal supercell was
adopted, whose size was 25 x 25 x ¢ A’ with the length
of c in the axial of z direction being two times of the
periodicity of the (8,0) nanotube. Supercell calculations
were employed throughout where the carbon atoms on
adjacent nanotubes are separated by over 10 A. and the
interaction between neighboring images could be
neglected. The Brillouin zone of the supercell was
sampled by 1x1x6 k-points within the Monkhorst-Pack
scheme[22]. For comparison, the identical simulation
parameters were employed in all simulations. Because
the interaction between H, and Yb usually renders
significantly smaller or even repulsive interactions using
GGA, however, the local density approximation (LDA)
generally overestimates the H2 binding strength. So both
LDA and GGA are described the binding energy of H,
dispersed CNT B-CNT, N-CNT, respectively [17,
23-25].

3. Results and Discussion
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Figure 1. Coronene (CyH);) planar sheet(a) and the hydrogen
binding energy(b).Red, gray, green spheres represent hydrogen
atoms, carbon atoms and Yb atoms, respectively

Coronene-like (CyHjp) planar sheet used as clus-
ter-modeled carbon and hydrogen atoms. It is well know
that carbon nanotubes curled from grapheme. One Yb
atom doped C,4H;, can attach five hydrogen molecules
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and average distance between Yb atom and the center of
hydrogen molecules is 2.24 A. The purpose of the hy-
drogen atoms is to passivate the dangling bonds of the
polycyclic sp’ hybridized carbon structure. Binding
energy and optimized structure are shown in Fig.1. To
search for hydrogen-storage nanostructures consisting of
combination of carbon nanotubes and Yb, we consider a
pristine (8,0) CNT and the case of boron substitutional
doping, nitrogen substitutional doping CNT to examine
the local structure of the Yb attachment. A single Yb
atom is attached to each of the above three structures. We
first evaluated the binding energy of a Yb atom (persu-
percell) to the pristine (8,0) CNT. The Yb atom favors to
locate at the hollow site of the hexagonal ring on the out-
er surface, which is consistent with other RE atoms [17].
The binding energy of a single Yb atom at hexagonal
sites is defined as Ep(Y,)=E(CNT)+E(Ti)-E(CNT+Ti).
The calculated binding energy of the Yb atom to the
(8,0)CNT is 1.74 eV and the Yb-C bonds exist with bond
length 2.39 and 2.67A. Mulliken population analysis
indicates that 0.45 e electrons are transferred from the Yb
atom to CNT, resulting in partially cationic Yb atom.
When the first hydrogen molecule is adsorbed on the
Yb/CNT, H-H bond lengthn is 0.81 A. Our calculations
show that each Yb atom can hold up to six H, molecules
are attached on the Yb/CNT both LDA and GGA. The
resulting system, which is shown in Fig. 2, is denoted by
CNT/Yb/(H,)e. The final configuration is very symmetric,
and all the hydrogen molecules benifit equally from the
bonding with the Yb atom. The average binding energy
per H, is about 0.46eV(LDA), i.e., slightly smaller than
that obtained for thefirst adsorption. We have also cal-
culated the binding energy of H, molecules on Yb in
these three structures as a function of the number of hy-
drogen molecules adsorbed. The binding energy of H, for
an isolated Yb atom decorated on a pristine (8,0) CNT, a
nitrogen-dopant, a boron-dopant are shown in table 1.
The distance between Yb and the center of H, and H-H
bond length on average are 2.64 and 0.76 A for
CNT/Yb/(H,)s. (The bond length of isolated H, is calcu-
lated to be about 0.75 A with GGA). Since H, physisorp-
tion on CNT is not reproduced at all in GGA [26,27], this
observation implies that H, adsorption on YD is not in the
physisorption regime. The binding energy of hydrogen
molecules for LDA is excess the twice for GGA.

Figure 4 shows the fully optimized structure for a
maximum hydrogen-storage capacity in (8,0) CNT cor-
responding to 3.18 wt.%. We also computed the hydro-
gen adsorption of B-CNT and N-CNT , the results indi-
cate that six H, per Yb atom can be adsorbed onto
B-CNT and N-CNT system where the molecular formula
may be expressed as(CgoN4-4Yb-24H,), and
(CeoB44YDb-24H,),, (n is an integer). Eus/SWCNT can
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Table 1. Calculated binding energy of eV/H, for an Yb atom
decorated on a pristine (8,0) CNT and on a N-CNT, B-CNT,
respectively, as a function of the number of adsorbed H, mole-
cules.

Functional 1H, 2H, 3H, 4H, 5H, 6H, averageEy

CNT GGA 0.14 023 023 027 0.11 0.09 0.18
LDA 047 047 0.64 0.61 036 020 0.46

N-CNT GGA 0.13 0.15 0.17 0.15 0.18 0.10 0.15
LDA 046 043 040 050 042 040 044
B-CNTGGA 0.15 0.15 020 0.18 0.16 0.10 0.16
LDA 054 035 034 055 053 022 042

Functional 1H, 2H, 3H, 4H, 5 H, 6H, averageE,

CNT GGA 0.14 023 023 027 0.11 0.09 0.18

LDA 047 047 0.64 0.61 036 020 0.46

N-CNT GGA 0.13 0.15 0.17 0.15 0.18 0.10 0.15
LDA 046 043 040 050 042 040 044
B-CNTGGA 0.15 0.15 020 0.18 0.16 0.10 0.16
LDA 054 035 034 055 053 022 042

(a) (b) (©)

Figure. 2. (Color online) Optimized atomic geometries of Yb-decorated
CNTs with maximum number of H, molecules attached to the Yb atom.
(a)—(c) show the geometries for maximally adsorbed H, molecules to a
Yb atom attached to a pristine (8,0) CNT and to a (8,0) CNT with a
single a single B dopant, N dopant, respectively.
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Figure 3. The partial density of states (PDOS) plots for H, molecules,
Yb atom and C atoms of the (H,)¢/Yb/SWCNT system. The Fermi level
is set to zero and indicated by a vertical dotted line
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(a) (b)
Figure. 4. (Color online) (a) and (b) show the side view and cross-
sectional view for the optimized atomic structure of maximal number of
adsorbed H, molecules for a (8,0) CNT (3.18 wt.%), respectively.

store eight H, molecules per Eu atom, while six H, mo-
lecules attach on the Yb atom, because the space of RE
atoms outside the SWCNT is different. Pure Yb hardly
attach hydrogen molecules [28, 29], however, Yb doped
CNTs are capable of storing hydrogen with a mass den-
sity higher than 3.18 wt%.

4. Conclusion

In conclusion, we have shown that six hydrogen mole-
cules can be stored in the Yb doped CNT, B-CNT,
N-CNT, respectively. The 5d states of Yb provide an
mechanism for H, attachment as in transition-metal ele-
ments. However, unlike the transition-metal elements,
Yb have a much lower tendency for clustering on doped
CNTs and not match 18-electron rule. We also show that
Yb-4f electrons have no contribution on the hybridization
because 4f'* state is very stable. We feel that these sys-
tems can be made, and we encourage theoretic and expe-
rimental search to synthesize these RE atoms doped hy-
drogen storage nanomaterials.
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